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Abstract 

A description  is  given  of  thg  molecular  and  morphological  structure  of 
polyvinylidene  fluoride  and  from  this  description  a classical  model  is 
proposed  for  calculating  the  piezo-  and  pyroelectric  properties.  The  model 
consists  of  an  array  of  crystal  lamellae  with  a net  moment  from  aligned 
dipoles  in  the  crystals  and  compensating  space  charge  on  the  crystal  surfaces. 
The  results  for  no  compensation  and  complete  compensation  essentially  bracket 
experimentally  observed  results  and  indicate  that  the  largest  contribution  to 
the  activity  of  this  polymer  arises  from  bulk  dimensional  changes,  rather  than 
from  changes  in  molecular  dipole  moments. 


Piezoelectricity  and  Pyroelectricity  in  Polyvinylidene  Fluoride- 

A Model  * 


M.G.  Broadhurst,  G.T.  Davis,  J.E.  McKinney,  and  R.E.  Collins 


Introduction 

Piezoelectric  and  pyroelectric  properties  of  polyvinvlidene  fluoride 
CPVDF)  and  related  semi crystalline  polymers  are  receiving  increasing  attention 
as  these  polymers  find  use  in  transducer  applications.  There  remains  general 
uncertainty  about  the  basic  mechanism  by  which  these  effects  occur.  This  paper 
considers  some  of  the  microscopic  features  of  PVDF  and  calculates  the  electrical 

resoonse  expected  from  mechanical  and  thermal  stresses. 

A change  in  polarization  (dipole  moment  per  unit  volume)  can  occur  through 
changes  in  either  the  moment  or  the  volume.-  An  organic  substance,  such  as  PVDF, 
has  large  (relative  to  inorganic  and  metallic  materials)  compressibility  and 

thermal  expansion  coefficients,  and  with  aligned  dipoles  present,  can  yield 

1 2 

large  polarization  changes  through  changes  in  volume  ’ (sometimes  referred  to 

3 

as  secondary  piezoelectricity)  . Most  proposed  mechanisms  for  activity  in  PVDF 

4 . ... 

focus  on  changes  in  the  moment.  Aslaksen  considered  effects  of  thermallv  induced 

orientational  fluctuations  in  PVDF  dipoles.  Ohigashi^  oroposed  increased  dipole 

alignment  when  a PVDF  molecule  is  mechanically  stressed.  Date^  and  Wada 

7 

and  Hayakawa  have  considered  a model  with  oolar  spheres  dispersed  in  a non-pol ar 
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medium.  The  importance  of  trapped  space  charge  has  been  proposed  by  several 


authors Havakawa  and  Wada^  have  examined  the  contribution  of  trapped 


11 


charge  where  there  are  mechanical  heterogenieties  present,  and  Crosmier  et.al.' 

have  shown  that  trapped  charge  does  lead  to  measureable  piezoelectric  activity. 

Kayakawa  and  Wada  have  considered  several  mechanisms  in  a recent  review  article^ 

12 

and  Oshiki  and  Fukada  have  considered  electros triction  effects. 

So  far,  models  for  piezoelectricity  and  pyroelectricity  are  fragmentary. 

This  paper  pulls  together  available  information  on  the  microscopic  structure  of 
PVDF  in  order  to  make  a relatively  complete  but  simple  and  realistic  model.  The 
response  of  the  model  is  calculated  from  physically  measureable  parameters  and 
the  results  compared  to  published  data.  The  calculated  response  contains  contri- 
butions from  dimensional  changes,  dipole  orientational  fluctuations,  electro- 
s triction  and  space  charge  and  accounts  for  mosc  of  the  observed  response. 
Microscooic  Details  of  PVDF 


13 


PVDF  crystallizes'  from  the  melt  into  spherulitic  structures?'  Figure  1 is  a 
photomicrograph  of  a nelt-crystallized  PVDF  film  taken  between  crossed  polaroids. 


The  volume  fraction  of  crystalline  material  is  typically  about  50%  depending  on 
14 


thermal  history 


Most  of  the  uncrystallized  molecules  are  in  a metastable 


supercooled  liquid  phase.  The  glass  transition  temperature  for  this  liquid  phase 


is  around  -50°C  from  volume^  and  dielectric  data-^  ’ ^ 1 ^3ased  on  similarities 


in  molecular  structure  and  phase  behavior  between  PVDF  and  the  much  more  widely  studied! 


19 


polyethylene  ' we  can  assume  similar  spherulitic  structures,  as  shown  in  Fig.  2. 


That  is,  the  spherulites  consist  of  stacks  of  lamellae  which  grow  outward  from  the 

14 

center  of  the  spherulite.  These  lamellae  are  typically  10  to  20  nm  thick  , 


again  depending  on  crystallization  conditions.  The  molecular  chains  are 

approximately  normal  to  the  large  lamellae  surfaces  and  to  the  radii  of  the 

19 

spherulites  . Much  of  the  liquid  material  is  probably  located  between  the 
crystalline  lamellae.  That  is,  a typical  region  (Fig.  2)  consists  of  parallel 
layers  of  alternating  crystal  and  liquid  material  each  layer  of  the  order  of 
10  to  20  nm  thick.  Of  course,  on  a larger  scale  one  expects  the  usual  stacking 
faults,  grain  boundaries  and  other  course  defects  typically  found  in  a poly- 
crystalline solid.  Since  the  molecular  lengths  are  of  the  order  of  100  times 
the  lamellae  thickness,  each  molecule  must  pass  many  times  through  one  or  more 
of. the  crvstal  and  liquid  layers,  being  confined  to  elongated  linear 
segments  in  Che  crystal  layers  and  free  to  assume  flexible  and  irregular  con- 
figurations in  the  liquid  layers. 

PVDF  is  inherently  polar  (Fig.  3).  The  hydrogen  atoms  are  positively  charged 
and  the  fluorine  atoms  negatively  charged  with  respect  to  the  carbon  atoms  in  the 
polymer.  The  net  moment  of  a group  of  molecules  in  a liquid  region  of  PVDF  will 
be  zero  in  the  absence  of  an  applied  field  because  of  the  random  orientation  of 
individual  dipoles.  In  the  crystal,  however,  there  are  two  crystal  phases, '3  and  y 

.(forms  I and  III)  where  the  molecules  are  reported  to  form  a planar  zig-zag 

20 

conformation  with  the  dipole  moments  parallel  in  the  unit  cell  (Fig.  4).  B and 
y crystal  forms  of  PVDF  are  therefore  inherently  polar  and  a given  crystal 
lamella  will  have  a net  polarization  equal  to  that  of  a single  repeat  unit 
(ignoring  defects  for  the  time  being).  Since  the  dipole  moment  will  be  normal 
to  the  molecular  axis,  the  crystal  polarization  will  also  be  normal  to  the 
molecular  axis  and  hence  approximately  parallel  to  the  plane  of  the  lamellae. 


A third  crystal  fora,  a (Fora  II),  has  a net  dipole  moment  with  a component 

20 

noraal  to  the  aolecular  axis  but  the  chains  pack  to  fora  an  antinolar  unit  cell 

and  hence  non-polar  laaellae.  Such  a crystal  would  not  be  applicable  to  the 

present  codel  unless  it  could  be  given  a stable  polarization  by  virtue  of  an 

electric  field-induced  crystal  modification  to  a polar  fora.  Activity  in  the  a phase 
5,21 

has  been  reported  and  some  evidence  for  a field-induced  oolar  modification 

22  24 

of  the  normally  antipolar  a phase  has  been  given  * . However,  few  structural 

details  are  available  at  present. 

Molecular  Moment  of  a PVDF  Crystal 

If  a crystal  consists  of  molecular  repeat  units  having  a vacuum  moment  u , 

then  the  reaction  field  from  any  medium  surrounding  y will  further  polarize 

o 

the  molecule  and  enhance  its  moment.  If  we  assume  an  Isotropic,  low-field  crystal 

25 

permittivity  of  ec>then  continuum  theory  predicts  that  the  electric  field 
external  to  yQ  but  still  within  the  crystal  will  be  equal  to  that  from  a dipole 
of  moment 


e +2 


Near  the  surface  of  the  crystal  the  dipole  is  exposed  to  material  of  a 
different  permittivity.  To  minimize  the  resultant  surface  effects,  the  crystals 
must  be  large. 

All  the  n dipoles  in  a particular  crystal  have  the  same  mean  orientation, 

and  fluctuate  about  this  mean  because  of  thermal  energy.  Thus,  the  moment  of' 

the  crystal  due  to  dipole  alignment,  ra, , will  be 

a 

e +2 

m . - n -C  v — U <cos  b>  u,  (2) 

a JO 

where  <4  is  the  angle  between  the  mean  and  instantaneous  orientations  of  a dipole 

d* 


and  u is  a unit  vector  in  the  direction  of  m 


I 


This  crystal  moment  due  to  dipole  alignment  creates  electric  fields  in 

the  surrounding  material,  and  because  of  the  finite  conductivity  of  PVDF, 

produces  free  charge  motion.  The  effect  of  the  free  charges  on  the  moment 

of  the  crystal  must  be  considered. 

As  with  most  highly  polar  organic  materials,  the  conductivity  (or 

equivalently  the  dielectric  loss)  of  PVDF  depends  on  ionic  impurity  concentra- 

26  27  28 

tion,  which  in  turn  depends  on  sample  history  ’ and  field  strength  . 

14  15 

Typically  the  resistivity,  p is  10  to  10  0 cm  for  PVDF  at  room  temperature, 

18 

and  the  relative  permittivity  e /so  10  to  15.  The  Maxwell  relaxation  time, 

(the  relaxation  time  for  a non- equilibrium  distribution  of  charge  in  the  material) , 

t ■ p e , will  be  of  the  order  of  minutes  to  hours  near  room  temoerature.  If  ?.nv 
ms 

.polar.. crystal  of  PVDF  is.  located  within  the. conducting  sample  we  expect 

* 

its  dipolar  surface  charge  to  be  at  least  partially  neutrallized  by  ionic  charges 

* within  the  time  the  sample  is  usually  stored  before  use.  The  degree  of  charge 

compensation  will  depend  on  the  number  of  charge  carriers  available.  This 

compensation  of  dipole  charges  by  free  charges  is  similar  to  the  interfacial 

polarization  often  observed  in  two  phase  dielectrics.  Free  charge  compensation 

of  dipole  polarization  has  been  observed  in  the  bulk  of  a polymer  which  has  been 

29 

non-unirormly  polarized  but  has  yet  to  be  demonstrated  at  the  crystal-liquid 
interface. 

For  times  short  compared  to  the  Maxwell  relaxation  time  we  can  write  the 
moment  due  to  free  charges  at  the  crystal-liquid  interface  as 

m^  = q u,  (3) 

where  q is  a constant  amount  of  charge,  and  1^  is  the  mean  separation  of  the 
negative  and  positive  charges  on  a crystal.  We  take  this  to  be  the  mean  crystal 
length  in  the  direction  of  u. 

til  J 


- 6 - 


The  total  moment  of  the  crystal  with  it's  countercharge  at  or  near 
equilibrium  is 

n,  * nd  + ■ tnC?c  t 21-  UQ  <cos  $>/3.+  <{  u-  (4) 

Because  of  the  relaxation  time  required  for  q to  change,  even  if  m^  is  initially 
zero,  a perturbation  of  the  sample  by  thermal  or  mechanical  stress  will  affect 
m^  and  m^  differently  and  produce  a net  moment. 

Effect  of  Crystal  Polarization  on  Samole  Polarization 


Changes  in  mc  will  be  coupled  to  the  electrodes  through  the  surrounding 
semicrys talline  material  which  acts,  in  the  simplist  view,  as  an  RC  coupling 
network.  The  apparent  moment  m , external  to  the  crystal,  will  depend  on  the 
shape,  size,  orientation,  and  permittivity  of  the  crystal  and  the  permittivity 
and  conductivity  of  the  sample  and  on  time.  That  is 

m * f m (5) 

s c 

where  f can  be  calculated  for  simple  crystal  geometries  only.  One  convenient 
choice  is  to  assume  a spherical  crystal  particle  of  permittivity  in  which  case, 
according  to  continuum  theory,  the  apparent  moment  external  to  the  crvstal  will  be 

3e 

g 

m - n — m (spherical  crystals)  (6) 

S * £ _ C 

s c 

where  e is  the  permittivity  of  the  comoosite  sample  surrounding  a given  crystal, 
s 
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This  result  is  for  tines  short  compared  to  the  Maxwell  relaxation  time 
and  corresponds  to  the  result  given  previously  for  this  model. ^ ”e  have 
obtained  a numerically  similar  result  for  the  case  of  spherical  liquid  particles 
dispersed  in  the  crystal  phase. 

More  realistic  than  either  spherical  crystal  or  liquid  particles,  in  the 
light  of  the  earlier  discussion  of  the  morphology  of  semicrystailine  polymers, 
is  a model  where  the  crystals  are  thin  lamellae  with  the  polarization  in  the 
plane  of  the  lamellae  (Fig.  5).  In  this  case  very  little  of  the  field  due  to 
the  crystal  moment  is  internal  to  the  particle  and 

m^  = m^  (lamellar  crystals)  (7) 

which  is  rigorously  true  for  infinitely  thin  crystals,  and  a much  better 
approximation  for  the  case  at  hand  than  Eq.(6). 

In  practice,  piezoelectric  polymers  are  usually  in  the  form  of  thin  films 
and  the  stress-induced  moment  is  measured  normal  (z  axis  in  Fig.  5)  to  the  plane 
of  the  film.  From  Eq.(4)  this  component  of  the  sample  moment  is 

m - (m.  <cos  9>  + m cos  9 ) (8) 

s d q o 

where  9 is  the  angle  from  the  z axis  to  an  individual  dipole  at  any  instant  in  time, 

9q  is  the  time  average  of  9,  and  <cos  9>  is  the  average  over  all  dipoles  in  the 

crystal.  The  projection  of  m^  involves  the  projection  of  each  (librating)  dipole 

moment  prior  to  averaging  and  that  of  m^  involves  only  the  net  moment. 

Using  the  classical  harmonic  oscillator  approximation  for  dipole  fluctuations 
2 

it  has  been  shown  that 

<cos  9>  ■ cos  9 J (b  ) ( ? ) 

o o o 

where  is  the  average  amplitude  of  librations  for  a dipole  about  the  extended 

molecular  axis  and  J (b  ) is  the  zeroth  order  3essel  function  of  the  first  kind. 

o o 


Thus , 
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= Jh(e  + 2)  u J (<t>  )/3  + q Z ] cos  6 
s c ooo  c o 


(10) 


Total  Moment  for  a Dispersion  of  Lamellar  Crystals 

If  one  extends  the  above  single  crystal  result  (10)  to  a film  sample 
containing  a dispersion  of  lamellar  crystals  of  the  same  kind  but  varying  in 
number  of  dipoles,  n,  mean  orientation,  9q,  and  countercharge,  q,  then  we  can 
write  the  moment  for  the  entire  sanrola  as 


M » £ m [N(e  + 2)u  J (<p  )/3  + S\  l ] <cos  9 > 

s s c ooo  c o 


(ID 


where  for  a large  number  of  crystals  containing  a total  of  N dipoles,  N = In 
over  all  crystals,  ol  = Iq  over  all  crystals  and 


<cos  9 > 
o 


n(9  ) cos  9 d9 
o o 


o'f" 


(9  ) d9 
o o 


(12) 


is  the  average  cos  9q,  and  n(9Q)  is  the  number  of  dipoles  having  an  orientation 
between  9 and  9 + d8  . 

O 0 0 

The  charge  oer  unit  electrode  area  A induced  by  M on  electrodes  in  intimate 

s s 

contact  with  a sample  film  of  PVDF  is  given  by 


Q /A  ■ M /i  A = P 
s s s s s s 


(13) 


where  is  the  thickness  and  P^  is  the  total  polarization  of  the  sample.  Thus 
the  charge  on  the  electrodes  induced  by  Ms  is 


Q = [N(e  + 2)u  J (i>  )/3  +&1  ] < cos  9 >/l 
s c ooo  c OS 


(14) 


Although  rigorously  speaking  the  piezoelectric  and  pyroelectric  coefficients 
are  defined  as  derivatives  of  the  electric  displacement  (or  equivalently  the 
polarization  under  short  circuit  conditions),  in  practice  one  usually  adopts 
the  definitions , 

d = A ^ dQ  /do  (15a) 

p s 

for  the  hydrostatic  piezoelectric  coefficient,  and 

? = A_1  dQ  /dT  (15b) 

y s 

for  the  pyroelectric  coefficient,  where  p and  T are  the  pressure  and  temperature 
respectively.  These  definitions  give  the  commonly  measured  quantities.  To 
calculate  these  for  the  present  model  we  merely  take  derivatives  of  Eq.(14) 

I "■  , using  the  relationships  given  in  more  detail  previously. 


3e  / 3X  = - (e  - 1)  (e  '+  2)  [3(ln  v )/3X]/3 
c c c c 

3J  (b  )/3X  - - J (*  ) 3<j>  /3X 
o o loo 

(16) 

36  /3p  = $ y 3(ln  v /3p) 
o o c / 

3$  /3T  » <ji  /2T  + <j»  y 3 (In  v )/3T 
0 0 0 c 

3ic/3X  = [3 (In  4 )/3(ln  v )l3(ln  vc)/3X 

3is/3X  = [3 (In  4 )/3(ln  v )]3(ln  vc)/3X 

where  X equals  either  temperature,  T,  or  pressure,  p,  v^  is  the  crystal  volume, 

3 (la  v^J/ST  is  tne  thermal  coefficient  of  volume  expansion,  a , and  3 (In  v^J/Sp 

the  volume  compressibility,  3 , J, ($  ) is  a first  order  3essel  function  of  the 

c 1 o 

1 


1 


* 
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first  kind,  and  y - 3 (In  ui)/3(ln  v^)  is  the  G runeisen  coefficient  for  dipole 

lib  rational  frequency  u.  In  the  above,  partial  derivatives  with  respect  to  T 

are  at  constant  p and  those  with  respect  to  p are  at  constant  T.  To  simpln. 

the  calculation  we  assume  the  number  of  dipoles,  N,  their  vacuum  moment,  u , 

and  the  countercharge,^  , and  the  crystal  orientations,  cos  9q  do  not  change 

with  pressure  and  temperature,  and  we  consider  changes  in  the  obvious  variables, 

e , J ,1  and  i only, 
c*  o’  c s 7 

For  the  case  of  no  countercharge  at  the  crystal  liquid  interface, 

dp  - PQ  0c{(ec  - l)/3  + $2  y/2  + 3 (In  Zg)/31n  vj  (17a) 

Py  - ~ ?0  act(ec  “ l)/3  + bJ(Y  + (2Tac)_1)/2  + 3 (In  Zg)/3(ln  vc> ] (17b) 

and  for  the  case  of  complete  neutralization  of  dipole  charge  by  countercharge 
at  the  crystal- liquid  interfaces 

dp  = Po  Sc^ec  “ 1)73  + *o  y/2  + 3(ln  V/31n  vc)]  (18a) 

Py  ’ " Po  “cI(£c  ‘ 1)73  + *o(Y  + C2Tac)"1)/2  + 3 (la  Zc)/3(ln  vc) ] (18b) 

In  both  cases  above, 

? * <5^e^  + 2)  N H J (6  ) <cos  9 >/3V  (19) 

UC  ooo  oc 

where  $ - V /V  is  the  volume  fraction  of  crystals,  N/V  the  number  of  diooles 

C S c 

per  unit  crystal  volume,  and  for  small  values  of  | , 

o 

*o/2  ■ +„  Jl  (*o)/JoC*o>  (20) 

Note  that  the  only  distinction  between  the  above  equations  for  no  and  full 
countercharge  is  that  appearing  in  eqs.(17)  becomes  l in  the  corresponding 
eqs . (18) . 
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Comparison  with  Experiment 

Eqs.(17)  and  (18)  can  be  evaluated  using  reasonable  values  for  Che  experi- 

30  31 

mental  quantities  as  listed  in  Table  I.  The  and  3c  are  from  x-ray  data 

on  a phase  PVDF.  These  values  should  be  a little  less  for  the  slightly  denser 
3 phase  of  interest  here. 

The  partial  derivatives  of  the  crystal  length  l , in  the  crystal  polar- 
ization direction  (b  axis  in  the  3 phase)  are  taken  as  a /2  and  3 /2  based  on 

c c 

32 

negligible  expansion  along  the  molecular  axis  (c  axis  in  the  3 phase).  The 

partial  derivatives  of  the  sample  thickness,  2,  , are  also  taken  as  1/2  the  corresponding 

bulk  sample  expansion  coefficient,  a /2  and  compressibility,  3 /2. 

s s 

The  Gruneisen  parameter  y giving  the  volume  dependence  of  the  librational 

frequencies  should  be  an  average  over  all  librational  mode  frequencies  each 

weighted  according  to  it's  corresponding  librational  amplitude.  It  is  estimated 

32 

here  to  be  that  typically  computed  from  the  modulus  for  linear  polymers. 

33 

The  rms  librational  amplitude  is  estimated  from  data  on  polyethylene  and  is 

close  to  the  value  found  for  (CE^-CHCl)  dipoles  in  polyvinylchloride  below 

2 

the  glass  transition  temperature.  The  room  temnerature  e is  estimated  from 

c 

low  temperature  dielectric  data  where  the  reorientati  onal  contribution  from  the 

23  24 

liquid  is  absent.  Pq  can  be  measured  directly  ’ , and  its  maximum  value  can 

be  estimated  from  Eq.(19).  The  orientation  function  <cos  6 >,  however,  is  not 

o 

measureable  directly  by  known  techniques'.  Both  NMR  and  IR  measurements  yield 
2 

<cos  9 > and  x-ray  data  cannot  distinguish  between  two  crystals  if  one  is 
o 

34 

rotated  by  tt  radians  with  respect  to  the  other.  Kepler  analyzed  x-ray  data 


on  polarized  PVDF  by  assigning  a distribution  function,  n(9  ) * exn  (aF  cos  9 ), 

o o 

where  F is  the  polarizing  electric  field.  In  the  general  case,  however,  we  are 

unable  to  calculate  ? in  Eq.(17c),  and  must  use  measured  values  of  P to 

o o 

calculate  d^  and  p^.  Fortunately  one  can  measure  Pq  by  measuring  the  charge 

23  24 

needed  to  polarize  a specimen  * or  by  measuring  the  charge  released  while 

35 

the  specimen  is  heated  above  its  crystal  melting  temperature  . The  experimental 
values  used  to  check  the  theory  are  shown  in  Table  1.  Table  II  gives  calculated 
and  experimental  quantities  and  shows  the  contribution  due  to  various  sources. 


Sources  of  Uncertainty 

Table  II  summarizes  the  predicted  contributions  from  Eqs.(17)  and  (18) 
using  the  values  from  Table  I.  The  calculation  of  d^/P^  and  p^/?Q  are  probably 
no  better  than  20%  due  to  uncertainty  in  experimental  values  used.  The  agreement 
with  experiment  is  better  for  the  case  of  very  little  countercharge.  The  question 
of  the  extent  of  countercharge  depends  on  the  concentration  of  charge  carriers 
present  which  is  not  known  at  present.  The  assumption  that  the  charge,^  , 
remains  constant  seems  reasonable  in  the  light  of  our  discussion  of  the  Maxwell 
time  constant  and  the  absence  of  observed  time  effects  with  PVDF.  If  the  dipole 
moment,  uq,  changed,  one  would  expect  it  to  get  smaller  with  pressure  and 

larger  with  temperature,  which  is  opposite  the  other  contributions. 

36 

Kepler  and  Anderson  have  proposed  that  reversible  temperature  dependent 
crystallinity  is  responsible  for  much  of  the  pyroelectricity  in  PVDF.  One 
might  suppose  that  N changes  by  virtue  of  such  a reversible  pressure  and  tempera- 
ture dependent  crystallization  of  dipole  units.  That  is,  if  the  pressure  is  in- 
creased or  the  temperature  decreased  there  could  be  a slight  increase  in  the  r.umbe 
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repeat  units  associated  with  the  crystal.  A significant  contribution  to  the 


^ f t 


response  could  occur  If  only  one  in  every  10  repeat  units  crystallized  or 

6 2 

melted  per  degree  or  per  10  N/m  (10  atmospheres)  change  in  temperature  or 

pressure.  So  small  a change  is  difficult  to  measure  by  other  techniques  and 

this  possibility  remains  speculative. 

The  temperature  and  pressure  dependences  of  d^  and  p^  can  be  found 

by  taking  derivatives  of  Eqs.  (17)  and  (18).  These  derivatives  are 

cumbersome  and  hard-to-measure  quantities  (eg.  y and  l ).  Thus  it  is 

c 

simpler  to  evaluate  d^  and  p^  at  various  temperatures  and  pressures  by 

using  the  required  measured  quantities  determined  at  those  same  temperatures 

and  pressures.  In  the  glass  transition  region  near  - 40°C  the  change  in 

sample  and  crystal  volumes,  for  example,  will  be  especially  dependent  on 

temperature  and  pressure.  Fractional  changes  in  p^  of  about  10  ^ are 

39  40 

generally  reported  at  room  temperature  ’ and  a more  careful  evaluation 

of  the  experimental  quantities  in  Eqs.  (17)  and  (18)  as  functions  of 

41 

temperature  and  pressure  is  underway 

The  difference  in  activity  between  8 phase  and  postulated  polar  a 

phase  material  will  probably  not  be  large.  On  the  one  hand,  the  dipole 

moment  per  monomer  perpendicular  to  the  molecular  chain  is  smaller  for 
—2  ^28 

the  a phase  (4x10  Ccm  versus  7x10  Ccm  for  the  S phase).  Compensating 

for  this  are  an  increased  expansion  coefficient  and  compressibility  for 

u 41 
the  a phase 

The  dependence  of  d^  and  p^,  on  poling  conditions  is,  by  the  present 
model,  due  solely  to  the  dependence  of  Pq  (Eq(19))  on  poling  conditions. 

In  the  present  paper  we  calculate  d^  and  p^  for  any  value  (measured)  of 
Pq.  The  dependence  of  Pq  on  the  distribution  of  local  electric  fields 
in  the  sample,  the  duration  and  temperature  at  which  the  poling  voltage 
is  applied  and  the  ionic  impurity  concentration  and  metal  electrode- 


>k  aifMt  rh*  fields  will  be  considered  In  ^Mir 


14  - 


AC  present,  it  seems  there  is  little  ir  any  of  the  observed  activity  in 
PVDF  which  cannot  be  accounted  for  by  the  simple  classical  mechanisms  in  the 
present  model.  The  model  predicts  that  the  ratio  of  piezoelectric  to  pyro- 
electric response  will  be  about  50  K cmV1  in  good  agreement  with  experiment. 
Implications  for  Applications 

2 

The  maximum  polarization  from  Eq. (19)  is  20  yC/cm  including  the  reaction 

field  contribution.  Assuming  the  model  is  correct  commonly  produced  oriented 

23  24  35 

films  of  PVDF  have  about  1/3  the  maximum  polarization  ’ ’ and  activity 

obtainable  with  a single  crystal.  The  activity  could  be  increased  either  by 
increasing  the  crystal  fraction  or  by  orienting  the  existing  crystals  better, 
though  it  seems  unlikely  that  presently  achievable  activity  can  be  doubled 
without  destroying  mechanical  strength  of  the  film.  Also,  minimizing  counter- 
charge by  limiting  charge  carrier  concentration  maximizes  activity  as  seen  in 
Table  II.  If  countercharge  Is  present,  it  is  possible  that  an  increase  in  the 
conductivity  by  the  addition  of  ions  can  improve  the  coupling  between  crystal 
and  electrodes  (resistive  coupling  rather  than  the  capacitive  coupling  used  in 
this  paper).  We  have  not  succeeded  in  calculating  the  possible  enhancement  from 
a highly  conductive  sample,  except  in  the  case  of  non-uniformly  polarized  specimens. 


Table  I 


Quancitv 

Experimental  Values 

Value 

Reference 

T 

300  K' 

- 

a 

1.7  x 10‘V1 

30 

c 

S 

1.1  x 10_10Nm~2 

31 

c 

a 

4.2  x 10‘V1 

30 

s 

3 

3 

-10 

2.39  x 10  Nm  " 

3$  31 

e 

3 

32 

c 

r 

5 

T8  3Z 

4> 

16° 

33 

o 

$ 

0.5 

14 

Nu  /V  * 

12  x 10  cm  2 

33 

0 c 

d /P 

2 xl0‘6  cm2N_1 

24 

P o 

? /P 
ry  o 

< 4 x 10‘4  K_1 

23,24 

* 

3 phase  with 

5%  head-head  defects  in  molecule. 

fj 

Table  II 

Calculated  Contributions  Co  Piezoelectricity  and  Pyroelectricity  in  PVDF 


Source  of  Response 

d /P  (xlO^ cm2N_1) 

p 0 

value (7.  of  exo.  total) 

p /P  (xlO" 

y o 

value  {7.  of 

V1) 

exo.  total) 

Electros triction 

0.74 

(37) 

1.14 

(28) 

Dipole  Fluctuations 

0.21 

(10) 

0.98 

(24) 

Dimensional  Changes  in 

l (with  countercharge) 
c 

0.55 

(28) 

0.85 

(21) 

(without  countercharge) 

1.2 

(60) 

2.1 

(52) 

Total  Calculated  Response 

(with  countercharge) 

1.50 

(75) 

2.97 

(74) 

• (without  countercharge) 

2.15 

(107) 

4.22 

(106) 
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Figure  Captions 

Photomicrograph  of  a rapidly  cooled  melt  of  commercial 
unoriented  PVDF  betveen  crossed  polaroids. 

A schematic  diagram  of  a spherulite  and  a detail  of  a 
section  emphasizing  the  lamellar  structure  of  the 
radiating  branches. 

A model  of  two  configurations  of  a PVDF  molecular  segment. 

The  small  black  balls  represent  carbon  atoms,  the  large 
ones  represent  fluorine  atoms  and  the  white  tips,  hydrogen 
atoms.  Note  both  forms  have  a net  dipole  moment  normal  to 
the  long  axis . 

A schematic  diagram  of  the  unit  cells  as  viewed  along  the 
chain  direction  (a  b projection)  normally  crystallized 
from  the  two  configurations  of  Figure  3.  Forms  I and  III 
(0  and  y)  are  polar  and  Farm  II  (a)  is  antipolar. 

A schematic  diagram  showing  dipole  alignment  and  counter- 
charge on  a lamellar  section  of  polar  crystal.  In  this 
paper  we  calculate  the  response  from  a preferentially  aligned 
array  of  such  objects  in  a semicrystalline  sample. 
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